There are at least three principal products of the Human Genome Project: the sequence itself, the genes, and the map integrating the genes and the sequence. This has been partially accomplished by the release of the human genome draft, which represents 85%-90% of the entire human genome (http://www.ncbi.nlm. nih.gov/genome/seq/HsHome.shtml). The Ensembl consortium has annotated the draft with known transcripts, protein sequences, and hypothetical genes (http://www.ensembl.org). However, most of the transcripts used in the Ensembl database were individual ESTs, which were single pass, potentially highly redundant, and partial cDNA fragments derived from either the 5Ј-or 3Ј -untranslated regions of human genes (Boguski et al. 1994; Adams et al. 1995; Schuler et al. 1996) . We proposed that assembly of individual ESTs into a consensus sequence could provide the basis for discovery of additional relationships with the genomic sequence, orthologous genes, and/or conserved functional domains.
Several groups have compiled sets of human transcripts, generating gene-oriented clusters, indices, or consensus sequences (Boguski and Schuler 1995; Miller et al. 1999; Ewing and Green 2000; Quackenbush et al. 2000) . We chose UNIGENE as a starting point to annotate the human genome, because, in contrast to other gene indices, it provides links to the IMAGE, Genemap'99, Locuslink, SAGE, and protein databases, as well as cytogenetic and other mapping information (Boguski and Schuler 1995) . The current version of UNIGENE has ∼ 87,000 nonredundant sequence clusters assembled from >2.1 million individual ESTs and other cDNA sequences (http://www.ncbi.nlm.nih/ UniGene/). However, the resulting UNIGENE database is still composed of individual transcripts, each the longest in its progenitor cluster. We thus set out to assemble the UNIGENE database to extend the human transcript consensus.
Transcript mapping is used to facilitate gene discovery. Because >370,000 ESTs and other mRNA se-quences had already been mapped by the international radiation hybrid (RH) consortium (Deloukas et al. 1998) , we initially sought to integrate UNIGENE and Genemap'99 to map all the consensus transcripts. However, only ∼ 19,750 UNIGENE clusters were found to contain at least one STS or EST that could be localized on either the GB4 or G3 map-significantly fewer than the 30,000 distinct genes described in Genemap'99 (Deloukas et al. 1998 ). Thus we were motivated to use the draft of the human genome to map all human genes with sufficient transcript representation. Because >95% of the finished and nonfinished clones sequenced by the Human Genome Project have been physically mapped, and the human genome draft represents >85%-90% of the nonredundant human genomic sequences, global sequence alignments between the consensus transcripts and the working draft were possible. The overall goal of our gene-indexing project is to use the genome draft to develop a transcript map that integrates both positional and functional information for most human genes.
We report a computational approach for producing high-quality transcript assemblies. To ensure the integrity of the assembly process, we assessed the Smith-Waterman scores for each individual transcript contributing to the consensus. Unalignable variants and other chimeric contaminants were first identified and removed. When more than one contig was generated from each cluster, consensus sequences were matched to exclude any internal associations. Problematic contigs were reassembled by use of more stringent conditions. Our resulting database, the Human Index of Nonredundant Transcript (HINT), contains a total of 97,687 consensus transcripts, including 61,066 contigs and 36,621 singlets assembled from 87,000 UNIGENE clusters. In addition, 8100 potential splicing variants were identified during the sequence assembly, of which only 5% had been reported previously in the literature. Interestingly, many of the potential variants had unique tissue library profiles in their progenitor clusters, implicating alternative splicing as possibly a highly regulated event.
We demonstrate the use of the human genome draft to map all human transcripts. We emphasize the importance of quality control and map integration to resolve ambiguous placements for both the genomic clones and consensus transcripts. Nonoverlapping, high-scoring segment pairs (HSPs) from the same transcripts spliced on the same genomic contig were retained. Remaining overlapping alignments were resolved by scoring both the length and identity of all of the transcripts involved, resulting in the assignment of a unique location for a given cDNA fragment on the human genome. Finished and unfinished genomic clones, along with their aligned transcripts, were physically ordered by integration of the restriction fin-gerprint map for the genomic clones (Marra et al. 1997) , the genomic contigs assembled by Haussler and colleagues (http://genome.cse.ucsc.edu/goldenPath), Genemap'99 (Deloukas et al. 1998) , and the e-PCR map developed in this study.
The final transcript map was substantiated by comparison of the clone, contig, genetic, and cytogenetic mapping information, and evaluating supporting and conflicting evidence. Together, a total of 59,500 UNIGENE clusters have been mapped, providing an early glimpse of a complete transcript map for the human genome.
RESULTS AND DISCUSSION

Assembly of UNIGENE Clusters
First, we assembled the UNIGENE clusters. Rather than creating a new gene index, the goal of our assembly was to extend the human transcript consensus to facilitate gene annotation and mapping. Assembly was carried out strictly within each UNIGENE cluster. Chimeric sequences were first identified and removed (see the section concerning splicing variants). A total of 46,202 UNIGENE clusters were each assembled into single contigs (53%), with an additional 7570 UNIGENE clusters resulting in more than one contig (9%). A total of 6240 ESTs were not assembled along with other contigs in the same clusters. Because they represented unique and nonconflicting sequences, these singlets were incorporated into the consensus of their progenitor clusters. A total of 2200 UNIGENE clusters had to be assembled under more stringent conditions (2.5%), during which an additional 3800 chimeric ESTs were identified and discarded as conflicting singlets. A total of 770 UNIGENE clusters, most of which contained either many ESTs and/or very long transcripts, could not be assembled on the basis of our criteria (0.7%). In this case, the longest transcript was used to represent the consensus. The remaining 30,381 UNIGENE singletons (35%) were not assembled.
Second, we compared each resulting consensus to its contributing transcripts. The accuracy of sequence assembly can be significantly improved by use of the quality scores derived from the original sequencing traces . As original chromatograms were not used in our assembly, we applied position-dependent quality scores based on a published assessment of six public sequencing projects (Richterich 1998) . In this analysis, it was shown that the first 30 bp had high error rates, in the range of 5%-10%. Toward the end of sequence reads, the error rates generally exceeded 10% between bases 300-700, depending on the template, sequencing chemistries, sequencing machines, or gel length used in each of the six projects (Richterich 1998) . We thus applied a conservative approach, by assigning higher quality scores only to the 31-300 base positions for ESTs that were longer than 500 bp. A nearly perfect quality score was given to all bases of known genes (Methods).
Many of the UNIGENE clusters (15%) contained at least one known gene. The overall Smith-Waterman scores for the known genes in their corresponding contigs were 1.8% for mismatch, 0.7% for insertion, and 0.5% for deletion, indicating that the resulting consensus was reasonably accurate at the sequence level. Similar overall Smith-Waterman scores were obtained for the remaining transcripts associated with the known genes (mismatch 1.5%, insertion 0.9%, and deletion 0.8%). This accuracy might be partially attributed to the high Phred quality score given to the known genes, which would reduce the contribution from ESTs of potentially poorer qualities. Alternatively, the redundancy of current EST information was high enough that discrepancies due to random sequencing errors had been largely compensated. This appeared to be true as the overall Smith-Waterman scores for rest of the contigs were in the same range (mismatch 1.9%, insertion 1.7%, and deletion 0.9%). Interestingly, no substantial discrepancies in Smith-Waterman scores were observed for the ESTs of different lengths. We believe that the observed accuracy for the resulting contigs could also be attributed to the stringent threshold we set during the assembly process, that any transcripts presenting higher than the accumulative >5% error rate would be discarded as singlets. We speculate that some of the sequence mismatches are due to single-nucleotide polymorphisms (SNPs) in human ESTs (Buetow et al. 1999; Irizarry et al. 2000) .
Extension of UNIGENE Consensus Sequences
Third, we assessed the benefits of our assembly by comparing each UNIGENE index to its corresponding HINT consensus (Table 1 and Fig. 1 ). We did not include any of the chimeric ESTs to assure that only unique consensus sequences were compared. We divided the UNIGENE data set into anonymous ESTs and known gene categories using the UNIGENE descriptions (see Methods) . Surprisingly, almost 65% (7234) of the 11,191 known genes could be extended further by the assembly process, by an average of 20% (Table 1 ). In contrast, 30% (22,796) of the 75,925 anonymous EST clusters were extended, and the resulting HINT clusters were an average of 50% longer than their UNIGENE counterparts. This result was somewhat expected, as known genes may have been more easily characterized due to high expression (as evidenced by their greater number of transcripts per cluster, resulting in a greater chance of assembly extension). However, the fulllength mRNA forms an upper limit to proper extension. The majority (72.5%) of the known gene UNIGENE clusters were >1000 bp, while almost all (98.5%) of the anonymous EST clusters were <1000 bp (corresponding to the limit of single-pass sequencing). Furthermore, known gene UNIGENE consensus of <1000 bp tended to be directly sequenced ESTs rather than deposited mRNA sequences. Thus, we indicated 1000 bp as a rough division between the categories (Fig. 1 ). All of these observations were consistent with the nature of current EST information, which consisted mainly of redundant and partial cDNA sequences (Aaronson et al. 1996) .
Overall, we assembled the 1.51 million ESTs (260 Mb) comprising UNIGENE into 42.5 Mb of consensus sequence. Thus, we estimated the redundancy of the EST information as about sixfold.
Integrity Assessment of the HINT Database
We assessed the integrity of our HINT database through three independent approaches. First, we integrated Genemap'99 into the UNIGENE database for the individual ESTs with RH mapping information. Inconsistent chromosomal assignments of multiple RH markers in the same UNIGENE clusters suggested misassembly. A total of 19,464 UNIGENE clusters could be placed on either the GB4 and/or G3 map on the basis of ∼ 375,000 markers. Only an additional 286 UNIGENE clusters were not consistently mapped, containing a total of 2695 misplaced ESTs. About one-third of these inconsistent clusters (93) were later resolved on the basis of the majority of mapped ESTs in the same clusters. The remaining 193 clusters were clearly misassembled, containing more than one distinct mapping group, each having at least two mapped ESTs (see Supplementary Table 1 at http://pandora.med.ohiostate.edu/HINT). Interestingly, almost all of the misassemblies represented known genes belonging to either large gene families or evolutionarily conserved func- tions, including ATP binding cassette-containing transporters, membrane receptors, CDCs, protein kinases and phosphatases, ubiquitin-specific proteases, cytokines, G-proteins, histones, and electron transporters. The top 10 UNIGENE clusters with the most inconsistency (>40 inconsistently mapped ESTs in each of the clusters) were PEDF (protease inhibitor), TUBB2 (tubulin beta 2), SDHA (flavorin-containing dehydrogenase), IDH2 (NADP+-associated dehydrogenase), PRDX1 (peroxidase), EPB41L2 (erythrocyte membrane band 4.1-like), UBE2V1 (ubiquitinconjugating enzyme E2), ATP5J2 (ATP synthase, H+ transporting), HDAC3 (histone deacetylase 3), and PPP1R2 (protein phosphatase 1, subunit 2) (see Supplementary Table 2 at http://pandora.med.ohio-state.edu/ HINT). These observations imply that paralogous genes (sequence similarity due to gene duplication) or homologous genes (sequences containing evolutionarily conserved functional domains) might be assembled into the same UNIGENE clusters, contributing to >95% of the misplaced ESTs (2601/2695). We reasoned that sequencing errors, mapping errors, and other artifacts would otherwise result in such misassembly on a random basis. Sequence similarity thus appeared to be a major pitfall when having to assemble a large amount of unique, paralogous, and homologous human genes. This was very true in the UNIGENE building procedure, during which anonymous ESTs had to be clustered largely on the basis of sequence similarities.
The international RH consortium has indicated that at least 30,000 genes were mapped in Genemap'99 (Deloukas et al. 1998) , from which almost 95% of the markers (∼ 375,000) were contained in UNIGENE. Though the TXMAP was not used for this integration (Deloukas et al. 1998) , which could place an additional 5000 genetically mapped UNIGENE clusters, we speculated that significantly more redundant ESTs had been typed than the estimate indicated in Genemap'99.
As a second assessment of the integrity of HINT, we compared the orientations for the individual ESTs in their contigs to those in their original cDNA clones. Inconsistent orientations of multiple ESTs in the same sequence contig suggested misassembly. About 15% of the ESTs assembled (290,000) showed inconsistent sequence orientations in their contigs (see Supplementary Table 3 at http://pandora.med.ohio-state.edu/ HINT). To determine whether this inconsistency was due to poor assembly, we compared the overall Smith-Waterman scores for the apparently inverted ESTs to the rest of the database. No significant differences in the Smith-Waterman scores were observed, strongly suggesting that the clone direction annotations might be mislabeled in the original IMAGE database, or the error rate in the directional cloning process was significantly high. An alternative explanation for the inversion in the EST assemblies, suggested by Burke and colleagues, could be attributed to two different genes overlapping on two opposite strands (Burke et al. 1998) . Evidence of overlapping genes from two different strands has been noted in the human genome (Ashworth 1993; Tsai et al. 1994; Houlgatte et al. 1995; Hillier et al. 1996; Burke et al. 1998) . We thought that the inversion issue could be at least partially resolved if multiple known mRNAs assembled in the same UNIGENE clusters had different functional annotations. However, on the basis of our preliminary database integration study using both the UNIGENE and GenBank descriptions, no obvious discrepancies were observed for the clusters or individual genes. Thus the cause for the apparent transcript inversion remains to be determined.
Figure 1
The extension of human transcript consensus sequences after the assembly of UNIGENE clusters. The lengths of transcript consensus were compared for each UNIGENE cluster before and after the sequence assembly (log-log scale). The (x-axis) Sequence length for the original UNIGENE transcripts; (y-axis) sequence length for the assembled HINT consensus. Almost none of the anonymous UNIGENE EST entries is longer than 1000 bp (above the limit at regular single sequencing reads), while most of the known genes in the original UNIGENE consensus are longer than 1000 bp.
As a third assessment of HINT integrity, we used the human genome draft to integrate and compare our consensus to Ewing and Green's (EG) EST assemblies using high-quality traces (Ewing and Green 2000) . We attempted to address the following questions: (1) Because the HINT consensus was built without the use of original chromatograms, what impact would this have on the fidelity of the resulting consensus? (2) How many exonic sequences were in common between the two indices, and how much unique transcribed information was contributed from each? The availability of the draft genome enables a direct comparison of transcript indices. Using BLAST, assembled transcripts from HINT and the EG indices were assigned to the genomic sequences. UNIGENE singletons were not used for these comparisons, as the EG indices were built from multiple ESTs only.
The comparisons revealed HINT (BLAST score 472, sequence identity 93.77%) was about 3% lower in average quality score than the EG assemblies (490, 95.43%). This appeared consistent with the overall Smith-Waterman error rates for HINT (∼ 5%) and the threshold we set (5%) during the assembly process. The average BLAST scores occupied a limited range (471-475) for UNIGENE clusters of different sizes, lengths, or known genes versus anonymous ESTs. Similarly, sequence identity for all of these groups was near 93%.
The overlap between the two indices was substantial but not complete (e.g., 62% of the EG indices appear in HINT). The unique transcripts column in Table 2 enumerates transcripts that appeared in one index and not the other. Note that the grouping of ESTs into clusters differed somewhat for the two indices, so that comparisons of HINT clusters to those of EG were not always one to one. Because the two indices represented two different transcript populations, the comparison was narrowed further to the overlapping HSPs within each transcript. For simplicity, we referred to the (spliced) segments (HSPs) mapped to the genome as exons, although the computational evidence awaited further biological confirmation. A total of 5363 HINT transcripts had at least one exon in complete overlap (allowing up to a 2-bp difference) with an EG exon, while 5675 EG consensus sequences had an exon in common with HINT. Again, the two values differed because the indices did not match one to one. The genomic sequence identity of HINT versus EG overlapping exons was about 3% lower than EG versus HINT overlapping exons ( Table 2) . Similar comparisons were given for consensus transcripts containing exons that were longer (extended) in HINT versus EG, truncated in HINT versus EG, and transcripts that overhang, that is, contain overlap that represented only a portion of both the HINT and EG exon. A majority of the extended and truncated HSPs (>75%) represented either the 3Ј or 5Ј end of a gene index, strongly indicating that the difference was largely due to the length of the consensus rather than misassembly. Though it was expected that longer consensus would be generated from the UNIGENE database consisting of a significantly larger population of ESTs, still a significant number of EG consensus was extended further for the corresponding transcripts. We attributed the remaining internal variations (25%) largely to alternative splicing. After the HSPs contributed from the splicing variants in the HINT database were removed (see the section concerning splicing variants), the internal difference dropped to about 15%. To determine whether the remaining internal discrepancies could represent misassembled consensus, we compared EG consensus to known GenBank sequences as well as to TIGR's HGI. We observed a similar degree of internal variations among all of the gene indices tested, strongly suggesting that alternative splicing might occur as a rather frequent event (B. Yuan, unpubl.).
Finally, a minor amount of imperfect (overhanging) overlaps was observed, implicating misassembly, misplacement, or genes on two different strands (Table  2) . To distinguish these possibilities, we checked the orientations and evidence of splicing. Interestingly, most of them (∼ 80%) represented HSPs on two different strands with evidence of splicing, suggesting overlapping genes. Though the gene-overlapping issue remains largely unresolved, it appeared that such a phenomenon might occur more frequently in the human genome than previously thought (Burke et al. 1998 ). An additional 15% appeared to be caused by confusion during the resolution of the BLAST placements (see Methods), suggested by the lack of evidence for splicing and the overall drop of sequence identity (∼ 2%). Similar observations were also made when comparing Ewing and Green's with other gene indices (B. Yuan, unpubl.). Even so, we still could not rule out completely the possibility of misassembly for at least some of the imperfect or truncated overlaps.
The integration of transcript consensus into the human genome draft also allowed us to find overlapping HINT consensus (∼ 5450 HSPs), suggesting agglomerate clusters. A similar phenomenon was also observed (∼ 1570) within Ewing and Green's index (see Supplementary Tables 4 and 5 at http://pandora.med. ohio-state.edu/HINT;). We were not able to determine whether they were distinct genes, which were either contained in and/or overlapped other genes, or components of the same genes. This issue was complicated further due to the lack of original orientation information for at least some of the consensus. We speculated a majority of them represented fragmented indices, as many of the sandwiched indices were singletons or consensus sequences derived from small clusters (see Supplementary Tables 4 and 5 at http://pandora.med. ohio-state.edu/HINT).
We were surprised by the lack of common consensus between HINT and EG indices (Table 2) . Here, it was clearly indicated that the two data sets represented two very different populations of human transcript information, with only ∼ 30% of the UNIGENE index being represented in Ewing and Green's assemblies. Even though UNIGENE was thought to consist of a majority of human transcript information, still ∼ 15% of Ewing and Green's assemblies were not represented. Similar observations were made between our HINT and TIGR's HGI (B. Yuan, unpubl.) . This raises the issue that all existing human transcripts including known genes are required to create a complete and nonredundant gene index for the human genome.
An estimate of 35,000 human genes was obtained on the basis of Ewing and Green's assembly (Ewing and Green 2000) . At least one major difference between this approach and UNIGENE (Boguski and Schuler 1995) or TIGR's HGI has been that consensus sequences from single unconfirmed ESTs were not included. To address whether singletons represented real genes, we integrated the ∼ 30,000 UNIGENE singletons into the human genome draft, resulting in 16,305 unique placements (see Methods). A total of 3340 singletons had evidence of splicing (see Supplementary Table 6 at http://pandora.med.ohiostate.edu/HINT). Given that 85% of the UNIGENE consensus was placed in the human genome (see the section concerning transcript mapping), still only a small portion of the singletons (15%) could be real genes. Thus, the issue whether or not singletons represent human genes or genomic contaminants and other artifacts remains largely unresolved.
Thus, gene counts cannot be based directly on transcript clustering and assembly. Lack of overlapping evidence among individual consensus sequence could significantly inflate the current estimates. This can be particularly true as human transcript information was largely derived from the 3Ј or 5Ј termini of human genes. Second, genomic contaminants, artificial or inaccurate ESTs could have inevitably been included in the UNIGENE data sets, which would contribute a significant number of additional singletons as genes. Third, new genes and their representations remain to be discovered, which can be particularly true for genes that are either very low in abundance or expressed only in specific tissues or limited times. Wheelan and Boguski proposed algorithms to identify and annotate all human genes (Wheelan and Boguski 1998) . We believed that the integration of all human transcribed information into the genome, together with predicted exons, protein homology, and new algorithms could significantly facilitate the identification and annotation of at least a majority of human transcriptional units. 
Identification of Splicing Variants in the UNIGENE Database
Splicing variants and other chimeric contaminants had to be first identified and removed from each cluster before sequence assembly. In fact, chimerism was indicated as one of the main reasons why no attempt had been made at NCBI to assemble the UNIGENE clusters (http://www.ncbi.nlm.nig.gov/UniGene). For our efforts, only the transcripts with an internal deletion or internal nonoverlapping alignment compared with their consensus were considered as potential splicing variants. A total of 8100 such candidates were identified, consisting of 6500 deletional plus about 1600 insertional variants (see Supplementary Tables 7 and 8 at http://pandora.med.ohio-state.edu/HINT). An additional 14,500 chimeric sequences were identified and discarded on the basis of the fact that the nonoverlapping alignments were only found at their 5Ј or 3Ј termini compared with their corresponding consensus. We speculated that these ESTs could largely represent partially processed RNAs or genomic contaminants. The 8100 potential variants were derived from a total of 6713 individual UNIGENE clusters, of which only 287 had more than one variant. This observation indicated that a majority of the alternative splicing events (6426, 80%) was each supported by only one transcript. Our preliminary validations revealed no significant differences in the size distributions for the variants (∼ 505 bp) compared with the rest of the ESTs (∼ 525 bp). Because we placed strict conditions on the formation of the consensus and included the deletion variations that were only internal to a transcript, the possibility of intron contamination was ruled out in the vast majority of the variants we considered. We later also ruled out the possibility of artifacts (genomic contamination or incomplete RNA processing) for a majority of the insertional variants by identifying their alternatively spliced exons in the human genome draft (see Supplementary Table 9 at http://pandora.med. ohio-state.edu/HINT).
Because many of the ESTs in the UNIGENE database are single-pass reads of low sequence quality, gross sequence variations found near the 5Ј or 3Ј ends of the ESTs were ignored and trimmed before the subsequent round of assembly. Some transcript variations could also be attributed to the hypervariable microsatellites contained in exons. A recent study suggested that such sequence variations could exist in as many as 20% of all human genes (Wren et al. 2000) . By use of the program RepeatMasker on the sequences identified as deleted or inserted in this study, no significant simple repetitive sequences were observed.
Because splicing variations often resulted in gain or loss of a function, we compared the patterns of protein motifs on the variants to their counterparts. Interestingly, unique exons contributed from 75% of the 1300 insertional variants tested contained at least one conserved protein motif, detected by use of the program HMMER and the Pfam database (Bateman et al. 2000) . The top three frequently found motifs were kinase (62), tyrosine phosphatase (18), and SH2/SH3 (15) domains, all involved in signal transduction (see Supplementary Table 10 at http://pandora.med.ohiostate.edu/HINT). More extensive molecular analysis on all potential splicing variants is underway.
To determine whether any of the variants were tissue, pathology, or development specific, we standardized the vocabularies used to describe each individual cDNA library. Terms were then divided into organ, tissue, cell, pathology, developmental, or experimentally treated categories (see Supplementary Table  11 at http://pandora.med.ohio-state.edu/HINT). The cDNA source for each variant was compared with the profile of all cDNA libraries of its progenitor cluster (see Supplementary Table 12 at http://pandora.med.ohiostate.edu/HINT). By doing so, 40% of the variants were found to be tissue, development, or neoplastic specific, implicating alternative splicing as a potentially highly regulated event. However, because the relative expression level of individual genes and the cDNA libraries used in the EST sequencing project can both affect the relative abundance of a particular tissue source represented in a given UNIGENE cluster, cDNA library profiles could only be used as presumptive evidence when inferring gene expression profiles. This was particularly true in cases where early cDNA cloning efforts were more successful with highly expressed genes.
To estimate how many of the splicing variants were potentially novel, splicing-related annotations such as alternative splicing were identified in the SWISSPROT, PIR, and TrEMBL protein databases, as well as GenBank; only ∼ 5% of the variants had previously been identified. However, this estimation was based mainly on the information already annotated in the available sequence databases rather than the entire public literature database. A number of genomewide searches for splicing variants have been similarly conducted by others as well (Burke et al. 1998; Mironov et al. 1999) .
In the end, the HINT consensus was composed of 61,066 contigs, 36,621 singletons, and 8100 splicing variants, representing the original 87,000 UNIGENE indices.
Functional Annotation of the HINT Database
Functional annotation was simplified by the use of consensus to represent each gene. To assess the benefits of using our extended consensus on sequence annotation, the original UNIGENE indices and their corresponding consensus sequences were compared for their alignments to protein databases (Fig. 2) . More than 13,000 UNIGENE clusters, most of which were previously labeled as ESTs, had at least one new putative annotation based on their homology to known protein sequences (see Supplementary Table 13 at http://pandora.med.ohio-state.edu/HINT). A greater number of highly significant hits (BLAST score >400) was obtained as the result of the extension (∼ 1,500). However, a substantial amount of new protein-related information was obtained with marginal BLAST scores (<200), suggesting that current EST databases were still largely composed of 3Ј and 5Ј ends of human transcripts. Further extension of current transcript consensus sequence is necessary for more functional annotations to be incorporated.
We chose the SWISSPROT, TrEMBL, and PIR protein databases to annotate the HINT database, because functional annotations for each protein entry in these databases had already been organized and largely standardized (Junker et al. 1999) . Additional functionrelated annotations were obtained through the links of UNIGENE to the Locuslink database (see Locuslink TBL in Fig. 3) .
UNIGENE has been built as a nonredundant and largely gene-oriented index, with each UNIGENE cluster having at least one known gene, or two ESTs representing the 3Ј terminus of a gene, or at least one EST containing a poly(A) signal for the singletons (http:// www.ncbi.nlm.nih.gov/UniGene/build.html). It is our belief that the integration of this gene index into the genome draft together with the identification of more exonic sequences could significantly facilitate the current gene-oriented annotation efforts.
The Draft for Human Transcript Map
Our transcript mapping effort faced three major problems: sequence fragmentation and redundancy in the current human genome draft, and paralogous/homologous sequences in the assembled gene index. Genomic sequence fragmentation results in ambiguities for the placement and assembly of genomic sequences. Genomic sequence redundancy results in multiple alignments for the same transcript onto different clones of the human genome. Paralogous and homologous genes, including pseudogenes, result in multiple alignments of presumably different transcripts to the same genomic region.
We used the program BLAST to integrate HINT indices into the human genome draft. Multiple alignments were frequently found between one transcript and several genomic clones, presumably resulting from the splicing of the transcript, or the sequence redundancy in the genome draft. Alternatively, multiple alignments could be caused by the sequence homology of paralogous and homologous genes or pseudogenes. Thus, the determination of exact associations among genomic clones at the sequence level was essential to resolving these three possibilities.
We integrated the BLAST results into the genomic contigs assembled on the basis of the restriction fingerprints (Marra et al. 1997 ). Evidence of splicing was first scored by retaining only the nonoverlapping HSPs from the same transcripts spanning on the same genomic contig. The same process was applied to the HSPs on the genomic sequences (see Methods). The remaining overlapping HSPs were removed, which presumably represented paralogous sequences due to gene duplication or homologous sequences representing evolutionally conserved functions. This appeared more true for the overlaps to be paralogs when more than one pair of the overlapping HSPs were from the same transcripts and their underlying genomic contigs were physically nearby.
Nearly identical tandem genomic duplications occur with appreciable frequency (Eichler 1998) . A paralog was suspected if more than one pair of the overlapping segments was from the same transcript and their underlying genomic clones were physically nearby. This was made possible by integration of the columns containing the contigs, clones, and transcripts along with their positions and orientations in the same spreadsheet (generated by the relational database). We depended largely on the following four criteria to specifically place a potential paralog: first, the continuity of the splicing pattern for all the HSPs involved; second, the total length and sequence identity for each of the HSP involved; third, the genomic contigs ordered in the fingerprint map; and finally, the HSPs had to be at least partially different (sequence diverging). In fact, we considered identically spliced and overlapped HSPs as the results of overlapping genomic clones, resolved by retaining only the HSPs on the longest genomic clone. We did not have evidence that human paralogous genes were ∼ 100% identical at least in many of the cases.
To compensate in part for any of the potential errors (<5%) existing in our transcript consensus, we used the default penalty score ‫4מ(‬ for N) in the program BLASTN for sequence mismatch. Although ambiguities in transcript placements could be largely re-solved on the basis of the HSPs spliced on the same genomic contig, more stringent search strategies might be used in the future (more penalties to the sequence mismatch as well as decreasing the sensitivity). This might be especially beneficial when paralogs or homologs had to be distinguished at the sequence level.
Because ∼ 50% of the genomic clones in the first draft of human genome had not been mapped on either the GB4 or G3 radiation hybrids in the Genemap'99, we performed a genomewide e-PCR experiment using the available PCR primer information from the current RHdb. A total of 104,026 sequence contigs, representing 19,991 of the genomic clones, were mapped with at least one RH marker. We scored the likelihood of a putative positional placement for a genomic clone by counting the number of consistent STSs mapped on the clone. We integrated this new mapping information with Genemap'99. When an inconsistent mapping result was observed, the location scores in Genemap'99, the number of consistent e-PCR results in this study, and the fingerprint map were integrated to provide the most likely placement. The remaining 2332 clones which were not mapped by either the Genemap'99 or the e-PCR results of this study had at least fingerprint mapping information, thus limiting the complexity that must be overcome to establish possible sequence overlaps.
We have observed at least seven types of errors during our transcript mapping process: (1) Genemap'99 RH assignments for ESTs; (2) cytogenetic or chromosomal assignments in UNIGENE; (3) Gene-
Figure 3
The database schema for the integration and mining of functional and mapping information of human transcript consensus. The UNIGENE_TBL and Locuslink_TBL were derived from the original UNIGENE and Locuslink data sets, respectively. The Transcript_TBL was created by the integration of UNIGENE and Genemap'99 databases. The cDNA library information in the Li-brary_TBL was standardized further into appropriate categories: Development (e.g., embryonic stages), Cell, Tissue, Organ, Pathology (e.g., tumor), and Treatment. The Assembly_TBL defined the start and end positions and the orientation for each transcript in its contig, and its Smith-Waterman score compared with the consensus. All consensus sequences were stored in the HINT_TBL. The potential splicing variants were represented in the Variant _TBL by the site and length of the insertion or deletion for a given variant. The ProteinHit_TBL and ContigHit_TBL were generated by BLASTing the transcript consensus with the protein (SWISS-PROT, PIR, and TrEMBL), and genomic (Ensembl) sequence databases, respectively. A majority of the functional annotations in the Annotation_TBL were derived from the SWISSPROT data set, supplemented with the key words from the PIR and TrEMBL protein entries. The Contig_TBL, based on the Ensembl database, was used to order and position individual sequencing contigs (see Methods). Mapping information for individual clones was integrated by use of four different maps: the assembled genomic contigs (UCSC_TBL); the fingerprint map (FPC_TBL); and the radiation hybrid maps (RH_TBL and e-PCR_TBL). (*) Primary or joint keys for each table; (arrows) one to many relationships; (arrows with closedcircles) one to one relationships. map'99 RH assignments for genomic clones; (4) e-PCR map; (5) fingerprint map (FPC); (6) GoldenPath sequence contigs; and (7) misplacement due to BLAST.
We tested the mapping consistency by the integration of multiple and largely independent maps available for each HINT consensus as illustrated in Figure 4 . We scored the errors on the basis of the inconsistency of a mapping assignment compared to a majority of other maps for a given consensus. The determination was also facilitated by incorporation of the likelihood scores for the following four maps: Genemap'99 (the number of consistently mapped ESTs within a UNIGENE cluster), e-PCR (the number of consistently mapped STSs within a genomic clone), FPC (the original supporting evidence), and BLAST (evidence of splicing). Thus, transcripts containing more than one mapped EST would be weighted more than other maps when having to discern more than one mapping inconsistency for a given transcript consensus. The same rule also applied to the genomic clones on which more than one STS could be consistently mapped. Errors due to BLAST placement were scored when the transcripts and the genomic clones were consistently (>2 evidence each) mapped to two different chromosomes.
We systematically estimated the error rates for the currently available mapping procedures using a set of 14,469 UNIGENE consensus sequences ( Fig. 5 and Table 3 , Category I). It was indicated that the current mapping information was at least 95% correct, with the physical maps including the fingerprints and the genome assemblies being slightly higher in errors. Interestingly, the error rate decreased in the recent release of the genome assembly compared with its first version a few months ago (Fig. 5 ). Because GoldenPath contigs were built largely on the basis of the fingerprint map of genomic clones, we speculated that further FPC improvement would significantly increase the accuracy of the resulting sequence assemblies. All of the misplacements due to BLAST were singleton HSPs containing more than one mapped EST. Thus, evidence of splicing appeared crucial to bring a transcript and a genomic clone together. We speculated that the observed 1% error rate due to BLAST placement might be reduced further with more stringent BLAST parameters.
Mapping errors can be significantly reduced when multiple maps are to be integrated (<0.2%). It is important to note that because only the inconsistencies in the chromosomal assignments were tested, an additional number of finer mapping errors might still exist in these data sets. Furthermore, other hidden errors, which were not revealed due to incomplete mapping information, could also be found for the transcripts of Categories II-IV (Table 2) . Finally, at least 6350 of consensus transcripts (8%) were still not mapped. It is thus conceivable that a substantial amount of genomic sequence information remains to be generated by the Human Genome Project.
Therefore, this transcript map was not a perfect and final draft for all human genes; rather it integrates multiple largely independent mapping information to substantiate an assignment, providing both supporting and conflicting evidence Figure 4 The data flow in mapping human transcript consensus sequences. UNIGENE clusters were assembled into transcript consensus sequences. The RH mapping information for the individual ESTs and other cDNAs available from Genemap'99 was incorporated into the transcript consensus sequences, along with the cytogenetic and/or chromosomal assignments available in the original UNIGENE data set. Mapping information for each genomic clone was compiled on the basis of the integration of four largely independent maps: Genemap'99, e-PCR and fingerprint maps, and GoldenPath sequence contigs. The resulting transcript consensus was BLASTed against the mapped genomic clones. The final transcript map was substantiated by the integration of multiple maps available for both the transcripts and the genomic clones. (Open circles) Genemap'99 EST RH assignments; (open inverted triangles) UNIGENE cytogenetic or chromosomal assignments; (closed circles) Genemap'99 RH assignments for genomic clones; (closed boxes) additional mapped STSs; (closed inverted triangles) fingerprint-mapping assignments; (bent arrows) GoldenPath positional assignments. (Table 4 ). Our final map was created based on 59,500 HINT consensus sequences, each substantiated by at least three supporting criteria (Table 4 and Supplementary Table 14 at http://pandora.med.ohio-state.edu/ HINT). A significant overall difference for transcript density was observed among all the human chromosomes (Fig. 6) . The average transcript number was estimated to be about 1 per 50 kb. Human chromosomes 19 and 17 were highest in transcript density, whereas the two human sex chromosomes and chromosomes 21 and 13 were lowest. These observations were consistent with the previous gene density estimations (Schuler et al. 1996) .
We were able to use the human genome draft to integrate a majority of the human transcript consensus. Such information, placing human genes and their functions in a complete positional context, can be very useful in finding candidate genes and genes in close vicinity. As the human genome draft is quickly evolv-ing, more placements of genomic clones and finished contigs will become available, allowing more genes to be accurately mapped and the human genome to be systematically studied.
METHODS
Assembly of UNIGENE Clusters
The HINT database was built upon the most recent release of UNIGENE by NCBI, in which untrimmed vector, linker, ribosomal, mitochondrial, low-complexity sequences, repeats, and other external contaminants have already been removed. NCBI has also attempted to validate the sequence associations among nonoverlapping 5Ј and 3Ј ESTs, requiring at least two sets of sequencing reads from a single cDNA clone to be present to qualify as belonging to the same cluster. Our initial assembly was performed with the UNIGENE build 111 using Phrap, a sequence assembly program kindly provided by Phil Green (http://www.phrap.org). We first set out to identify any chimeric sequences within each UNIGENE cluster by using stringent alignment parameters of Phrap, with gap initiation and extension penalties both set at ‫,01מ‬ and other parameters set at default. Under such stringent alignment criteria, deletion or insertion of sequences as short as 20 bp can be detected. The output of Phrap was parsed to identify the ESTs with deletions or multiple sites of nonoverlapping alignments. For an EST to qualify as a potential splicing variant, the deletional or insertional event had to be internal to the sequence, occurring at least >50 bp away from both its termini and with the insertion or deletion being at least 40 bp long. All chimeric ESTs were removed from each cluster before sequence assembly.
The Phrap system takes sequence quality information into account for assembly. Based on the error estimation for six sequencing projects (Richterich 1998) , we automatically assigned Phred quality score 10 (corresponding to an error probability of 10%) to the first 30 bp for all ESTs that were longer than 500 bp, with positions 31-300 at 25 and the remainder at 15. A Phred quality value of 45 was assigned at all positions for the 37,400 known mRNAs and GenBank CDSs included in the UNIGENE database. This was not applied for the ESTs that were shorter than 500 bp. In this case, a Phred quality score of 15 was assigned to all positions downstream of the first 30 bases. The program cross_match, kindly provide by Phil Green (http://www.phrap.org), was used to assure that no internal association existed among multiple contigs generated from the same cluster. Default parameters of cross_match were used for this purpose. The following Phrap parameters were used for assembly: mismatch penalty ‫,2מ‬ gap_init penalty ‫,4מ‬ gap_ext penalty ‫,4מ‬ vector_ bound 0, repeat_stringency 0.98, and force_high. Once a low-quality contig was detected, or multiple contigs generated from the same clusters were internally related, the entire cluster was reassembled under more stringent conditions (mismatch penalty ‫,6מ‬ gap_init penalty ‫,21מ‬ and gap_ext penalty ‫.)21מ‬ Each new cluster was assembled in the same fashion until a set of high-quality contigs was generated. The organization, assembly, quality control, and database integration were automated by use of a combination of shell and Perl scripts developed in-house. Computing was carried out on 5 DEC Alpha workstations (500 MHz, 1 GB of RAM each) running Digital UNIX 4.0D. Data were parsed and stored in a relational database (see Assembly_ TBL in Fig. 3 ) powered by the Sybase Figure 5 Estimated mapping error rates by the integration of multiple mapping data sets. A total of 14,469 transcript consensus sequences all containing the following mapping information were tested: the Genemap'99 for the ESTs contained in each of the clusters; the original UNIGENE cytogenetic or chromosomal assignments; the Genemap'99, fingerprint, and GoldenPath contigs (July and October versions), and the e-PCR maps for the genomic clones contained within the transcript consensus. Mapping errors were scored by an inconsistent chromosomal assignment of one map compared with five other maps. Nonspecific BLAST alignments were scored when the transcripts and the genomic clones putatively harboring the transcripts could be consistently mapped to different chromosomes. Errors occurring during the original UNIGENE clustering were detected when two distinct and consistent RH mapping assignments were found within the same UNIGENE clusters. Unconfirmed mapping errors were scored when more than one inconsistent mapping assignment was found for a given transcript.
Adaptive Server Enterprise (Version 11.9.2) on a Pentiumbased PC running RedHat Linux 6.2. The data inheritance was checked upon each new release of UNIGENE, with only updated clusters being reassembled as follows: The sequence composition of previously built UNIGENE clusters was compared with the same cluster in the current release. The original description in the UNIGENE database was used to divide the UNIGENE clusters into known and anonymous categories. Test descriptions containing EST, ESTs, Alu, or sequences highly, moderately, and weakly similar to protein sequences were considered as anonymous genes. The RepeatMasker program was kindly provided by Arian Smith and Phil Green (http://ftp.genome.washington.edu/RM/RepeatMasker. html). The HMMER program was kindly provided by Eddy Sean (http://hmmer.wustl.edu).
Integration of Transcript Consensus into the Human Genome Draft
The June 26, 2000 version of the repeat-masked draft sequences was downloaded from http://www.ensembl.org and BLASTed against the HINT and Ewing and Green's indices by use of the BLASTN program (Altschul et al. 1990 ) compiled from the NCBI toolkit (6.1) on a 32-node SGI Linux/Intel Cluster, with four 550 MHz Pentium III Xeons processors and 2 GB of RAM on each node. Ewing and Green's consensus was from http://www.phrap.org/est_assembly/fasta_contigs. human.000317.tar.Z. The genomewide hit expectation value was set at 1 ‫מ‬ e 15 to filter out nonspecific high-scoring segment pairs (HSPs). Default parameters of BLASTN were used. The BLAST report was parsed into field-specific tables by use of the program MSPcrunch (Version 2.3, ftp://ftp.cgr.ki.se/ pub/prog). The resulting table was processed by use of a set of Perl scripts (http://pandora.med.ohio-state.edu/HINT Scripts) by first retaining only the HSPs that were spliced from the same consensus on the same genomic contig. The same process was then applied to the HSPs on the genomic sequences, that spliced HSPs from the same transcripts were first retained followed by the singleton HSPs that were both longer and higher in sequence identity over their overlapping counterparts, resulting in a unique placement for each cDNA segment on the genomic backbone. The resulting table was saved in the relational database, establishing the relationship between the transcript consensus and the genomic contigs (see Con-tigHit_TBL in Fig. 3) .
The BLAST results for HINT and Ewing and Green's were independently processed by use of the same Perl scripts until no overlapping transcripts and genomic segments were observed. The two processed BLAST reports were later merged and sorted according to the same genomic clones and positions. The unique, overlapped, extended, truncated, and staging HSPs were scored by comparison of the start and end positions of each HSP, allowing plus or minus 2 bp for two HSPs to be qualified as aligned. All algorithms were implemented in Perl, available from our Web site (http:// pandora.med.ohio-state.edu/HINT Scripts).
clone-clone relationships among FPC, e-PCR, Genemap'99, and GoldenPath provided an integrated view for a clone to be mapped on different scales (see FPC_TBL, UCSC_TBL, RH_TBL and e-PCR_TBL in Fig. 3 ). The fingerprint (Marra et al. 1997) and GoldenPath contig maps were downloaded from http:// genome.wustl.edu/gsc/human/Mapping (version June 15) and http://genome.cse.ucsc.edu/goldenPath (Versions July 17 and October 7 2000), respectively. Genemap'99 (Deloukas et 
